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The progression of regional dysfunction during angina
pectoris was studied in eight patients with coronary ar-
tery disease. Single plane left ventriculograms were ob-
tained using a high fidelity micromanometer-tipped
catheter both at rest and immediately after rapid cardiac
pacing. Each image of the left ventriculogram was dig-
itized and transferred to a computer. The boundary of
the ventricular cavity was automatically determined and
sequentially superimposed. Regional shortening was
quantified by a radial coordinate system originating at
the center of gravity ofthe end-diastolic silhouette.Thirty-
two radial grids were drawn around the center of grav-
ity, and the length of each radial grid was measured to
characterize the centripetal motion of a given surface
point. Each radial length was then plotted simulta-
neously and continuously against left ventricular pres-
sure to generate a pressure-length loop.
The area of the pressure-length loop provided an in-
dex of regional myocardial work. In the ischemic ven-
Contractile function of the ischemic ventricle has been de-
fined hy the dynamic shortening and lengthening charac-
teristics of the regional myocardial segment in both exper-
imental and clinical settings (1-3). However, the mechanical
property of cardiac muscle has been traditionally evaluated
in two ways by measuring: 1) the shortening of the muscle
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tricle, the loops exhibited a striking deformity in con-
figuration. Prolonged relaxation of ischemic segments
was associated with outward motion of the normal seg-
ments. Shortening of the normal segment occurred ear-
lier than that of the ischemic segment associated with its
stretch. Thus, the loops of the two areas inclined in
opposite directions. Pacing stress increased the magni-
tude of hypofunction in the potentially ischemic area,
the average extent of shortening being reduced by 30%
and the segmental work by 25% (p < 0.005). In the
normal area, contrary to the significant increase in seg-
mental shortening (20% abovecontrol values[p < 0.005]),
the average segmental work remained at 7% below con-
trol values because of an augmented deformation of the
loop. The isovolumicasynchrony of the left ventricle due
to reciprocal contraction and relaxation in opposing
myocardial regions profoundly modifiesthe shape of the
regional pressure-length loops and external segmental
work.
fiber, and 2) the development of tension within the muscle
(4,5). When the heart as a whole is compared with the
isolatedmuscle, cardiacdimension (volumeor segment length)
and intracavitary pressure are analogous to muscle length
and tension, respectively. In the ejecting ventricle, the stroke
volume (or extent of wall shortening) is analogous to the
extent of shortening of the isolated muscle. The instanta-
neous left ventricular pressure can be plotted against the
corresponding left ventricular volume throughout the cardiac
cycle. The resulting pressure-volume loop provides a con-
venient framework for understanding global contractile
functions of the myocardium (6-8). The integral pressure
with respect to cardiac dimension during ejection allows for
an assessment of the total ventricular work. However, in
the presence of coronary artery disease, dysfunction of the
ischemic myocardium always accompanies compensatory
augmentation of the contractile function of the normally
perfused myocardium (2,3), which causes little change in
total cardiac function.
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In the present study, we constructed pressure-length loops
of the regional myocardium with the use of left ventricu-
lography by plotting instantaneous pressure against radial
length to evaluate the regional nature of the contraction
abnormalities in patients with coronary artery disease . Spe-
cial attention was directed to analyze the modification of
segmental pressure-length loops by rapid cardiac pacing in
the myocardium potential1y subjected to ischemia during a
stressed state.
Methods
Study patients. The study was performed in eight pa-
tients with coronary artery disease and angina on effort .
Patients with global ischemia due to multivessel disease
were excluded. Al1 patients were in normal sinus rhythm
and all medications were withheld 12 hours before the pro-
cedure. Informed written consent was obtained from each
patient and there were no complic ations as a result of the
study.
Catheterization procedure. Cardiac catheterization was
performed using the left brachial approach with the patient
in a fasting state and after premedi cation with 5 mg of oral
diazep am. After conventional diagno stic right and left heart
catheterization, coronary arteriography was performed using
the Sones technique . A pacing catheter was positioned in
the right atrium . A high fidelity micromanometer-tipped
catheter (Micro-Tip, Mi11ar Instruments) was then intro-
duced into the left ventricle through the left brachial artery ,
which allowed for simultaneous high fidelity pressure mea-
surement during angiography. After confirmat ion that ven-
tricular pressure had returned to baseline level after coronary
arteriography, left ventricular cineangiography was per-
formed in the 30° right anterior oblique projection, using a
Philips 9 inch (22.86 cm) image intensification system. Left
ventricular opacification was achieved by injecting 25 to 40
ml of radiopaque contrast medium (80% Angioconray) through
a Millar angiographic catheter at a rate of 12 mlls. Films
were exposed at a rate of 60 frarnes/s with an Ari 35 mm
cine camera while the patient was gently holding breath .
During each cineangiographic study, high fidelity left ven-
tricular pressure, electrocardiogram, cineangiographic frame
markers and an injection marker were simultaneously re-
corded. Two lead marker s were placed on the image inten-
sifier as fixed references for superimposition of the images.
An adequate recovery time was allowed for left ventricular
pressure to return to baseline level. Atrial pacing was ini-
tiated at a rate of 90 beats/min and was increased in steps
of 30 beats/min every 2 minutes. In patients in whom atrio-
ventricular block developed during atrial pacing, right ven-
tricular pacing was substituted . Pacing was stopped with
the occurrence of chest pain. If well tolerated, pacing was
cont inued at a rate of 150 beats/min for 6 minutes. The
second angiogram was obtained immediately after the ces-
sation of pacing in exactly the same manner as in the control
state (3).
In one patient, angiography was repeated after the admin-
istration of sublingual nitroglycerin and demon strated a re-
markable improvement of the initially observed abnormal
wal1 motion. Data are shown in figures only as a reference
of normal1y synchronized contraction .
Analysis of Data
Boundary detection. The method of automatic pro-
cessing of cineangiograms has been described elsewhere
(3,9 , 10). Briefly, the left ventricular images on cine film
were transferred to a computer through a flying spot scanner
and were stored on a magneti c disc. Each digitized image
consisted of 128 x 128 pixels with gray levels of 256
values. A gradient image was then obtained by spatial dif-
ferentiation of gray levels . Assuming that the abrupt change
of the gray levels occurred at the boundary of the ventricular
silhouette, the points with the maximal gradient value were
traced to delineate the ventricular boundary.
For the algorithm for each computer tracing of edge points,
two weight coeffic ients were introduced to multiply the cor-
responding derivati ve value . One is denoted as the direc -
tional weight coefficient , which enables avoidance of an
abrupt change in direction of the edge tracing. The other is
the coefficient to define the depth of search in which in-
formation of several remote points is to be referred . The
additional global guidanc e was obtained from the preceding
frame . All these procedures closely imitate visual detection
of a boundary by the human eye (3) .
Analysis of global left ventricular function. Left ven-
tricular volume (V) was calculated by a modification of
Kennedy's formula (11):
V = 0.687 X c3 x A2/L + 1.9 ml,
where A is the area of the ventricle calculated from the
amount of pixels surrounded by the left ventricular bound-
ary, L is the longest measured length between the midpoint
of the aortic valve and the apex and C is the linear correction
factor for the magnification of a unit of length (1 pixel),
which was derived from a comparison with the known area
of the filmed 1 em? grid placed parallel to the tube at the
position of the heart .
The calculated volume of each fram e was synchronized
to corresponding pressure by a simultaneously recorded
exposure marker throughout the cardiac cycle to obtain the
pressure-volume loop (Fig. 1). The left ventricular stroke
work was calculated by integrat ing the area of the pressure-
volume curves.
Analysis of regional left ventricular function.
Sequential ventricular silhouettes were superimposed on the
end-diastolic frame throughout the cardiac cycle by using
two external reference markers. Significant movements of
the heart can be a cause of error in interpretation, and an
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Figure 1. Pressure-volume loops obtainedbefore (solid line) and
during (dotted line) angina in a patient with obstruction of the
left anterior descending coronary artery. Despite development of
regionalwallmotionabnormalities withpacingstress, the pressure-
volume loop maintained a normal configuration with a counter-
clockwise rotation. There is a striking elevation of the diastolic
pressure-volume curvewithresultantreduction of the areaenclosed
by the loop. LV = left ventricular.
area of asynergy might rotate in and out of the perimeter
seen in profile. However, these problems are common to
all acceptable methods of wall motion analysis by cinean-
giography, and movement of the heart within the chest has
been shown to be minimized when respiration is suspended
during filming (12). In each superimposed ventricular im-
age, 128 radial grids were drawn from the center of gravity
of the end-diastolic silhouette to the endocardial margin.
Measurement of the length of each grid line throughout the
cardiac cycles made it possible to analyze the contraction
and relaxation of specific segments of the left ventricular
myocardium (3) (Fig. 2).
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Results
Data obtained in all eight patients are listed in Table 1.
In all patients, typical anginal pain developed during pacing
tachycardia. In an area perfused with a diseased vessel and
potentially subjected to ischemia during a stressed state,
The Length of each radiaL grid pLotted against time was
handled in the same way as an overall volume-time curve
to construct the pressure-length loop (Fig. 3 and 4). The
area inscribed in this loop was taken as an index of regional
myocardial work in units of mm . mm Hg (13-17). Thus,
a pressure-length loop was originally generated for 128 ra-
dial grids, but was reduced to every fourth loop, resulting
in a display of 32 loops over the entire ventricular circum-
ference (Fig. 3). Excluding the area of aortic and mitral
valves, the outline of the left ventricular cavity was sepa-
rated into five sections that roughly corresponded to five
segments (anterobasal, anterolateral, apical, diaphragmatic
and posterobasal) defined in a reporting system described
by the American Heart Association (18). The stroke ex-
cursion and the segmental loop area were averaged in each
of the five sections that included four or five loops. To
analyze the effect of pacing stress on the ischemic myo-
cardium, the potentially ischemic section corresponding to
the known coronary lesions, in which active shortening was
preserved at rest, was selected, and the response to cardiac
pacing was compared with that of the normal section per-
fused with intact coronary arteries. In the patients with overt
myocardial infarction, the section that included the central
ischemic region was excluded, because neither dyskinetic
nor akinetic motion of the definite infarction area was mod-
ified substantially by pacing stress.
All data were expressed as mean ± standard deviation.
Statistical comparisons were made by a paired t test.
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Figure 2. Superimposed end-diastolic and
end-systolic boundaries of the left ven-
tricle (left panel). Sequential ventricular
images are superimposed and 128 radial
grids are drawnfrom the center of gravity
of the end-diastolic silhouette to the en-
docardial margin. The continuous mea-
surement of the length of grid lines en-
ables a quantitative description of the
segmental centripetalmotionover the en-
tirecircumference. Therepresentative time-
lengthplots in the three specific grid lines
in the anterior (1), apical (2) and inferior
(3) wall are shown on the right. The lo-
cation of each radial grid is located in the
upper right-hand corner. ED = end-
diastole; EDV = end-diastolic volume;
EF = ejection fraction; ES = end-sys-
tole; ESV = end-systolic volume; SV =
stroke volume.
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cardiac-pacing elicited acute reversible abnormalities in
contraction that are usually absent at rest. There was no
substantial change in the function of the central ischemic
area, while shortening of normally perfused area was
augmented.
Global function and pressure-volume diagrams. In
post-pacing beats, heart rate did not change significantly
(66 ± 12 versus 61 ± 14 beats/min) . Left ventricular peak
systolic pressure remained unchanged, whereas end-dia-
stolic pressure increased from 11 ± 4 (± standard devia-
tion) to 22 ± 4 mm Hg (p < 0.001) . Although there were
no consistent changes in left ventricular end-diastolic vol-
ume, end-systolic volume was consistently augmented from
Figure 3. Sets of pressure-length loops constructed by relating
each radial length to the phasic pressure as the common variable
throughoutthe cardiac cycle. There wereoriginally 128radial axes,
but these were reduced to every fourth radial axis resulting in 32
loops around the ventricular silhouette. A, Data obtained in the
resting state. Ischemic (isch), infarcted (inf) and normal (norm)
areas are indicated around the perimeter of the ventricle. x == the
center of gravity of the end-diastolicsilhouette. The apical segment
loops in the central ischemic area are considerably deformed. The
anterior wall is perfused by well developed collateral circulation
from the right coronary artery. and active segment shortening is
maintained but coronary reserve is critically limited. Loops in the
anterior wall exhibit an inclination toward the right suggesting
delayed relaxation due to potential ischemia during the stressed
state. The loops in the normally perfused inferior wall represent
the inclination toward the left with lengtheningof the myocardium
during isovolumic relaxation. There is also an ischemic area at the
inferior wall between the infarcted and the normal areas but loops
are not typical in configuration presumably due to a tethering
effect. B, Data obtained during an anginal attack induced by rapid
cardiac pacing. The deformationof the pressure-lengthloop is now
expanded over the entire anterior wall. The loops in the inferior
wall exhibit a more marked inclination toward the left and are
associated with augmentation of systolic excursion. C, After an
adequate time was allowed for recovery from the effect of repeated
angiography, nitroglycerin, 0.3 mg. was administeredsublingually
to this patient. All the loops obtained after nitroglycerin are rec-
tangular in configuration and have a counterclockwise rotation.
48 ± 16 to 59 ± 20 ml (p < 0.05) . Stroke volume was
unaltered (52 ± 12 versus 49 ± 14 ml) , but ejection fraction
was reduced from 53 ± 7 to 46 ± 8% (p < 0.05) .
The pressure-volume loop in the resting state is char-
acterized by a counterclockwise rotation with a rectangular
configuration (Fig. O. From the end-diastolic point at the
lower right comer, the pressure increases rapidly with little
change in volume (isovolumic contraction). With the onset
of ejection, there is a substantial decrease in volume with
little change in pressure. At the end of shortening, pressure
decreases isovolumically and then both pressure and volume
increase simultaneously along the pressure-volume relation
at rest until the loop closes at end-diastole.
After pacing , the general shape of the pressure-volume
loop was unaltered (Fig . I). The stroke work was reduced
from 0.70 to 0.63 J, largely because of the increased dia-
stolic pressure rather than a reduction in shortening or sys-
tolic pressure .
Segmental function and regional pressure-length
loops. There was a significant heterogeneity in regional
myocardial function of the ischemic ventricle and its re-
sponse to pacing stress. In the center of the infarcted area,
active shortening was abolished and the pressure-length loop
repre sented clockwise rotat ion or figure of eight inscription,
indicating that the work was performed on rather than by
the myocardial segment. These changes were not modified
by the pacing stress. In the potentially ischemic area sur-
rounding the infarcted area, rapid cardiac pacing temporarily
JACC Vol. 4, No.2
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CONTROL PACI G • I T ROG LYCE RI.Figure 4. Pressure-length loops in the
resting state (control, left panel), after
rapid cardiac pacing (middle panel) and
after sublingualnitroglycerin(right panel)
100are shown for three representative seg- C\
ments in the normal (1), central ischemic :I:
(2) and potentially ischemic sections (3). ~ 0
The location of each radial grid is indi-
100cated in the upper right-hand corner. CII~
Pacing stress induced striking deforma- :)VI 0tion of the loop in the ischemic segments VICII
~
and inclination of the loop in the normal c.
segment toward the left. Thus, change in > 100
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external work is somewhat diminished.
Normal rectangular configuration with 0
counterclockwise rotation was restored in
both segments after nitroglycerin. LV = 0 20 40 0 20 40 0 20 40
left ventricular. Segment Length (111l1)
provoked significant changes. Although the end-diastolic
length remained unaltered (32.0 ± 6.8 mm), the end-sys-
tolic length was markedly augmented from 26.1 ± 6.6 to
29.8 :± 7.6 mm (p < 0.01). Stroke excursion was decreased
from 5.9 ± 1.8 to 2.0 ± 1.2 mm (p < 0.002)(Fig. 5).
The systolic shortening of the potentially ischemic segment
was followed by a late additional shortening during the
decline of the ventricular pressure. The segment was also
lengthened during the isovolumic pressure increase. Ac-
cordingly, the pressure-length loop represented an inclina-
tion toward the right (Fig. 3 and 4). In post-pacing beats,
the sustained shortening during relaxation was exaggerated,
and marked deformation of the loop extended over the ad-
jacent area (Fig. 3 and 4). Such alteration of the configu-
ration of the loop was reflected in the segmental work index
calculated from the area enclosed by the loop. The mean
segmental work index of the potentially ischemic area de-
creased by 54% from 600 ± 205 to 275 ± 160 mm . mm
Hg (p < 0.001); this was significantly less than the reduction
in the stroke excursion (by 64% from the control state) (Fig.
5).
The loops in the normal area also represented significant
deformity. In the resting state, shortening of the normal area
began earlier during isovolumic systole and lengthening oc-
curred during isovolumic relaxation. Thus, the pressure-
length loop tended to incline toward the left (Fig. 3 and 4).
With pacing stress, the end-diastolic length increased from
28.6 ± 6.3 to 30.2 ± 5.4 mm (p < 0.05), whereas the
end-svstolic length remained the same. Stroke excursion
was significantly augmented from 8.4 ± 3.7 to 9.8 ± 4.2
mm (p < 0.005). Despite this increased shortening, the area
surrounded by the loop was decreased from 824 ± 391 to
751 ± 434 mm . mm Hg (p < 0.005) (Fig. 5). These
changes are largely due to the more exaggerated inclination
of the loop, as well as to an elevated diastolic pressure.
Discussion
Regional pressure-length loops in the ischemic ven-
tricle. In the present study, a regional pressure-length loop
was generated in the clinical setting by relating segmental
shortening of several portions of the left ventricular wall
quantified by a radial coordinate system to the corresponding
left ventricular pressure simultaneously recorded during an-
giography. In the normal synchronous contraction as shown
in the beat after the administration of nitroglycerin (Fig.
3C), all loops rotated counterclockwise during ventricular
systole. Loops were rectangular in formation with minimal
change in dimension during the isovolumic contraction and
relaxation phase.
In the presence of regional ischemia, loops in the isch-
emic segment consistently exhibited an inclination toward
the right, while those in the normally perfused area revealed
an inclination toward the left. The grade of such an incli-
nation was difficult to quantitate in the present analysis, but
the effect of such changes on the shape of the loop can be
expressed as the alteration in the area within the loop.
Myocardial asynchrony and deformation of the pres-
sure-length loops. Outward movement during the early
phases of systole and with exaggerated shortening in late
systole has been noted in the ischemic segment (19-21).
The onset of shortening of the normal myocardium occurs
earlier because of the unloading effect of the ballooning
ischemic myocardium, which acts as an additional elastic
slack element from the very beginning of the isovolumic
phase of contraction. The ischemic myocardium is unable
to support stress during isovolumic systole (22). Similarly,
the persistence of shortening in the ischemic segment during
relaxation is also associated with outward motion of the
normal segment. Thus, the normal and ischemic segments
move toward the opposite direction during isovolumic con-
Table 1. Summary of Data tv
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traction and relaxation, which may represent a compensa-
tory mechanism to maintain the isovolumic status of the
ventricle (21,23).
Figure S. Effects of pacing are shown for the averaged value of
end-diastolic segment length (EDL), segmental shortening (AL)
and segmental work index (W) for representative normaland isch-
emic sections. In the ischemic section, there was no significant
change in end-diastolic segment length in post-pacing beats. Both
segmental shortening and work index were markedly reduced, but
the reduction in the former was considerably greater than in the
latter. In the normal section, end-diastolic segment length was
augmentedby pacing stress. Despite the significant augmentation
of segmental shortening, work index was decreased. Statistical
significance; *p < 0.05; **p < 0.01; ***p < 0.001; C == control;
P == post-pacing.
Tyberg et al. (24) devised an isolated muscle preparation
to assess segmental dysfunction in which normal and hy-
poxic muscles were arranged in series. They demonstrated
that the relative motion between the two muscles reflected
the dissociation in duration of the active state due to hy-
poxia. The nonhypoxic muscle contracted earlier against the
weaker hypoxic muscle associated with its stretch, whereas
the contraction of hypoxic muscle with slow relaxation pre-
dominated later with the stretch ofthe normal muscle. Wieg-
ner et al. (25) further extended this model to a computer-
based system and analyzed the mechanics of two muscles
in series. They demonstrated that the pattern of shortening
during hypoxia becomes polyphasic with a different time
course of contraction and relaxation, and muscle length
remains constant in late systole only when contractile force
and the imposed force are declining at identical rates. In
the hypoxic muscle, because of the persisting contractile
activity of the muscle and the elastic recoil of passive ele-
ments within the muscle, the imposed force decreases less
rapidly relative to that of the oxygenated myocardium, re-
sulting in persisting shortening in late systole (25-27).
Segmental work and contractile efficiency. Suga et al.
(28-30) considered the two specific areas in the pressure-
volume diagram: the area within the pressure-volume loop
(external work area) and the area bounded by the end-sys-
tolic and end-diastolic pressure-volume lines and the relax-
ation segment of the pressure-volume loop (area of potential
energy) (Fig. 6). The former has been postulated to cor-
respond to the external mechanical work and the latter to
the end-systolic elastic potential energy generated during
systole and stored at end-systole in the wall of the ventricle.
The sum of these two areas, designated as the left ventricular
pressure-volume area, is highly related to cardiac oxygen
consumption. Suga et al. (28,29) also suggested that po-
tential energy existing in the ventricle at end-systole is con-
vertible into external mechanical work.
According to this concept, late systolic shortening of the
ischemic segment indicates that part of the area of potential
energy is actually converted into external mechanical work
when the ventricle is allowed to eject against an appropri-
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Figure 6. Schematic illustration of ex-
ternal work area (EW) and the area of
potential energy (PE) in the normal heart
(left panel) as conceptualized by Suga et
al. (28.29) An inclination of the loop to-
ward the left in the control segmentof the
ischemic ventriclemakesthe potential en-
ergy larger relative to external work area
(middle panel), whereas an inclination
toward the right in the ischemic segment
renders the potential energy smaller rel-
ative to the external work area (right
panel) AL = stroke excursion; L
length: P = pressure.
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ately decreasing afterload during relaxation. The work per-
formed by the relaxing ventricle appears to derive from some
form of potential energy (30), and therefore, contractile
efficiency of the ischemic muscle may be partially improved
(Fig. 6).
Mechanism of compensatory augmentation of short-
ening in normal myocardium. It has been suggested that
in the ischemic ventricle, the normally perfused myocar-
dium augments shortening to compensate for the dysfunc-
tion in the ischemic myocardium with an early use of the
Frank-Starling mechanism (2). Later development of hy-
pertrophy observed in the normal myocardium during heal-
ing after myocardial infarction has been attributed to the
same mechanism involved in the response to chronic volume
overload (31,32).
Our study demonstrates that the normally perfused myo-
cardium in the ischemic ventricle lengthens during relax-
ation, resulting in an augmentation of the potential energy
area relative to the external work area. Thus, the constant
enhancement of segmental shortening of the normal area
might be attained at the expense of reduced efficiency of
contraction (Fig. 6). This response is unlikely to be anal-
ogous to the response to simple volume overloading.
Conclusion. Analysis of segmental pressure-length loops
generated simultaneously over the entire left ventricular pe-
rimeter enabled a detailed analysis of asynchronous wall
motion in the ischemic heart. The isovolumic asynchrony
of the left ventricle due to the interaction of different myo-
cardial regions with reciprocal temporal relation of con-
traction and relaxation profoundly modified the shape of
regional loops and external segmental work.
We acknowledge the help of Mariko Ohara in the preparation of this
manuscript. We also thank the secretarial assistance of Nobuko Matsumura.
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